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Introduction

Ce
3+
-doped borates Li 6 Gd(BO 3 ) 3 ( LGBO) and Li 6 Y(BO 3 ) 3 (LYBO) crystals are efficient scintillator materials [1] [2] [3] [4] . Because they contain 6 Li and 10 B isotopes, they are attractive for neutron detection.
The presence of 155 Gd, 157 Gd isotopes ray with MeV energy in LGBO crystals allows large capture cross-sections for thermal neutron detection. The knowledge of these materials family allows the potentiality of the fabrication of scintillating components using these crystals as active elements. Knitel et al. [5] firstly reported the scintillation properties of Ce
-doped LGBO and LYBO powder materials by X-ray excitation measurement. Czirr et al. [6] studied the characteristics of Ce 3+ -doped LGBO crystal by thermal neutron excitation ((n, a) reaction with 6 Li, 10 B) and stimulated the (n, c)
nuclear reaction with odd isotopes of gadolinium. The LYBO system was investigated by Sablayrolles et al. and the crystals were grown by the Czochralski technique [4, 7, 8] .
Van Eijk et al. [9, 10] has suggested that LGBO crystals will have a high light yield (about 15,000 photons/MeV) and short decay times (s % 27 ns). As 6 Li, 10 B, Gd, 155 Gd isotopes can react with the neutrons and then produce charged particles c rays with
MeV energy, which can excite some luminescence centers in the crystals and emit signals to be detected by the optical sensors [11] , the crystals must be of good macroscopic and microscopic quality, they must be of high transparency far in the ultraviolet (UV) and have a good chemical stability and high reproducibility.
The advantage in substituting Y 3+ and Gd 3+ by Ce 3+ in LYBO and
LGBO crystals for neutrons below 150 MeV was shown in Ref. [12] .
This advantage is related to the efficiency of (n, c) reaction with odd isotopes of Gd begin to be worse than the efficiency of (n, a) reaction with 6 Li, 10 B. As LYBO crystals have lower effective atomic number (Z eff = 26) than LGBO (Z eff = 46), LYBO crystals are less sensitive to c-radiation and can be recommended for neutron registration in c-fields. Single crystal fibers could be of great interest to develop new neutron detector design. Growing high quality LGBO and LYBO-doped Ce 3+ single crystal fibers could be a good way for the development of performed applications in specific scintillation detectors such neutron registration [13] , scintillating fiber camera for space dosimetry [14] , scintillation detector for electron-and beta-radiation [15] . In the frame of international collaboration, we have studied both the equilibrium diagram of LGBO system, the crystal growth of Ce 3+ -doped LGBO and LYBO fibers by the micro-pulling down (l-PD) technique and the scintillation properties.
Experimental part
Powders single phase preparation
The samples were prepared by solid state reaction from mixtures of Li 2 CO 3 , B 2 O 3 , Ln 2 O 3 (Ln = Gd, Y) and CeO 2 powders (99.99% purity) cold pressed under 1 kgf cm À2 into discs of 15 mm diameter which were placed into an alumina crucible. They were weighed in proportions according to the following chemical reaction:
The mixed powders were pre-heated at 500°C for 10 h to initiate the reaction and decompose carbonate. The second step is a sintering at 725°C for 10 h in a flow of mixture of Ar/H 2 gas (95%/5%). After cooling to room temperature, the pellets were crushed and pressed again and then heated at 750°C for 12 h. The same treatment was repeated several times in order to get a good homogeneity. In all cases, the phases were characterized by room temperature X-ray powder diffraction analysis using Cu Ka radiation. Fig. 1 shows room temperature X-ray powders diffraction of 1% Ce 3+ -doped LGBO and LYBO single phase elaborated by solid state reaction.
Fibers single crystal grown from LGBO and LYBO congruently melting system
The fibers were grown from the melt by the micro-pulling down (l-PD) technique [16] [17] [18] [19] . The melt was contained in a crucible made of Pt plate of 0.1 mm thickness and Pt tube of 0.4-0.8 mm outer diameter and 0.02-0.06 mm wall thickness. The crystal fibers were grown with pulling rates between 0.02 and 0.1 mm/min using h0 1 0i LGBO seed. The length of the molten zone resulting in the most stable stationary growth conditions was maintained at about 0.05-0.1 mm. During LGBO and LYBO fiber crystal growth, increasing the length of the molten zone can be achieved by overheating of the melt that was often accompanied by Li 2 
Optical measurements
Absorption spectra were measured using a Perkin Elmer Lamda 900 spectrophotometer operating in the range 185-3300 nm. The X-ray luminescence, photoluminescence and photoexcitation spectra were recorded at room temperature using a Triax 320 monochromator equipped with a CCD camera cooled around 250 K by Pelletier effect, and EMI 9789 photomultiplier. The light excitation source was either a 500 W Xenon lamp and a Gemini 180 double monochromator. The measurements under X-ray excitation were performed using the X-ray source XRG3000 INEL operating at 35 kV with tungsten anode.
The ALY calculation was carried out under a-participle (radionuclide 239Pu) and c-rays (241Am and 137Cs) sources using the single-electron pulse amplitude of photomultiplier (FEU-130) as a reference at weak illumination source in good agreement with the technique described in Ref. [20] . Because of the small size of the fibers, we have used a-participle (radionuclide 239Pu) source instead of neutron source. It is known that the mean free path of a-particles in matter is much smaller than absorption mean free path for neutrons.
Stilbene (1,2-diphenylethylene) and Tl:CsI scintillators were chosen as standard samples. The stilbene sample has constant characteristics, small decay time (less than 5 ns) and can be used to estimate the instrumental response of the measuring set-up. The Tl:CsI crystal is a well-known technical inorganic scintillator [21] . Light yield of stilbene crystals was determined by the compton edge at half-amplitude c-spectrum [20] . The standard samples for measuring ALY were (a) technical detector (hermetic and packed with MgO reflector) stilbene-based 10 Â 10 mm; (b) stilbene crystal 9 Â 3 mm, packed with fluoroplastic Âreflector; (c) single crystal Tl:CsI 10 Â 1.5 mm with fluoroplastic reflector. Blackened disc reflector with 1 mm centered hole was used for ALY measurement of Tl:CsI and 1% Ce 3+ -doped LYBO crystals under a-excitation. Blackened disc is necessary to simplify the account of light collection (K = 0.45 ± 0.03 in such geometry). The measurements of pulse-height spectra were performed using spectrometric amplifier and the ADC board production by SPC ''Aspect''.
Scintillation decay curves under a-and c-sources were obtained using an oscilloscope Tektronix TDS5034B measuring the signal at the anode of the PMT. The studied crystal was placed in the PMT photocathode and the radioactive source was placed at distance less than 2 mm above the crystal. Optically transparent vaseline was used as immersion liquid. LGBO melts congruently at 850 ± 5°C and LYBO at 865 ± 5°C [23] . Unfortunately, the growth of single crystal fiber from an overheating melt from a stoichiometric mixture resulted in the continuous evaporation of Li 2 O and B 2 O 3 oxides corresponding to the enrichment of the melt with Gd 2 O 3 (case of LGBO melt) and Y 2 O 3 (case of LYBO melt) causing fast melt supercooling. The h0 1 0i LGBO seed crystal is dipped in the melt at the bottom of the crucible in the capillary die and the melt temperature is adjusted until a meniscus is supported. The molten zone and meniscus length are controlled by careful adjustment of the heater power. Both LGBO and LYBO melts have high viscosity which is comfortable to control the crystallization interface and overcome its inversion [24] . The dimension of the growth zone, including the meniscus height and the fiber diameter, were measured directly from the screen of the monitor during the growth process.
Results and discussion
Ternary Li
Temperature of the melt inside the crucible is an important data, because it is directly connected to the driving force of the melt flow. To control the growth process, we have followed melt temperature by an optical pyrometer (±2°C). The evaporation of Li 2 O and B 2 O 3 caused a strong instability of the surface tensions because of Marangoni flows and the melt boiling. The crystals were grown at low pulling rate belonging to the range [0.02-0.1 mm/ min] and were 800 lm in diameter, close to the diameter of the crucible capillary die. They were transparent, colorless and smooth surface. The typical length of the molten zone corresponding to the stationary state was about 50 lm and the crystallization interface was flat and stable. The length of the fiber was up to 30 mm depending on the starting raw material, and 100% of the liquid was crystallized into the fibers. Whatever the starting composition prepared in this work (Ce 3+ 6 1at%), we had not seen strong spiral growth as observed in Czochralski LGBO crystal growth [3] . During stationary stable growth, disconnection of the fiber from the molten zone was not observed. Fig. 3 shows the un-doped and Ce
3+
-doped LGBO and LYBO grown fibers under stationary stable regime corresponding to flat interface. The diameter is stable with high reproducibility, the grown LGBO and LYBO fibers were slightly faceted and were free from scattering and core region. The substitution of gadolinium (Gd
) and yttrium (Y 3+ ) by cerium (Ce 3+ ) does not affect the symmetry and the crystallography of the crystals. We have checked this result by room temperature X-ray diffraction. Neither impurities nor secondary phases have been observed. The LGBO and LYBO systems consist of boron triangularly coordinated to oxygen atoms. The lithium atoms occupy six independent positions and are surrounded by four or five oxygen atoms. The symmetry of both Y 3+ and Gd 3+ ion sites is C1 (distorted cube) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Both LGBO and LYBO crystallizes in the monoclinic system with the space group P2 1 /c with the refined parameters measured on the fibers single crystals grown by micro-pulling down technique as can seen in Table 1 . Fig. 4 shows room temperature absorption, photoexcitation and photoluminescence spectra of Ce-doped LYBO and LGBO single crystals fibers. The absorption spectra of Ce 3+ -doped LYBO crystal (Fig. 4a) -doped LGBO crystal is characterized by a broad asymmetrical band at 255 nm and a series of several weakly resolved broad bands in the range of 280-380 nm. From 200 nm to 400 nm, the measured excitation spectra are similar to Ce 3+ -doped fluoro-apatites [28] , and can be attributed to 4f-5d transitions in Ce 3+ ions [28] . In addition, we register the presence of Gd 3+ band at 274 nm, which may indicate the possibility of Gd 3+ ? Ce 3+ energy transfer.
Luminescence properties
The photoluminescence and X-ray luminescence spectra of 1% Ce-doped LYBO and LGBO crystals have similar characteristics (Figs. 4c, 5c and 6 Am excitation. Fig. 7 shows the pulse-height spectra of the 1% Ce-doped LYBO.
Only one photopeak in a-scintillation spectra (Fig. 7a ) with maximum at 5.15 MeV (the energy of a particles of 239 Pu) was observed.
For c-scintillations, two photopeaks ( Fig. 7b) with maximum at 26.3 and 59.5 keV (c-ray lines of 241 Am isotope) were observed. In the case of Ce-doped LGBO fiber, the energy spectra have been measured only under 239 Pu excitation. Under c-sources, we did not detect any photopeaks, but a significant increase in counting rate have been observed. Fig. 8 shows the pulse-heights spectra of 0.8% and 1% Ce-doped LGBO under a particles excitation. The absence of photopeak in the energy spectrum under c-source can be attributed to the low optical quality of the grown fiber. The LY-BO:Ce crystal fibers was the best quality. Table 2 shows the obtained results from the energy spectra used to calculate ALY. The calculating accuracy is about 25%. It is caused by appreciable error of working out of light collection K lc [20] . In addition, in Table 2 we have presented ALY values of CsITl and stilbene scintillators. They are in good agreement with the known data in [21, 29] . For both Ce-doped LYBO and LGBO fibers, the measured ALY values under a-source were almost equal. However, by taking in consideration that the effective atomic number of LGBO:Ce (Z eff = 46) is almost two times higher than LYBO:Ce (Z eff = 26), we believe that the efficiency detection of neutrons for LYBO:Ce will be higher than LGBO:Ce.
The value of ALY under c-source for both compositions were also approximately equal. The significant difference in light output under c-source has been obtained in Ref. [5] . However, in contrast to [5] , the obtained light yield of LYBO:Ce for c-scintillation is 10 times higher.
Kinetic properties
The decay curve measurements were carried out using The decay curves of 1% Ce-doped LYBO crystals are well approximated by two exponential curves. Table 3 lists the approximation parameters. The fast-slow components relation depends significantly on the type of excitation: in case of a-excitation relation of initial amplitudes J 1 /J 2 is 2.1 for LYBO and 1.8 for LGBO, in case of c-excitation it is 4.0 for LYBO and 3.6 for LGBO. Due to difference in the form of the pulses using software and hardware methods, a-scintillation can be discriminated on the c-scintillation background, as well as in the case of stilbene for neutron on the c-radiation background.
Conclusion
The ternary Li 2 O-Gd 2 O 3 -B 2 O 3 system has been investigated. The results are coherent with phase relationships proposed in Fig. 2 -doped LYBO fiber single crystals were successfully grown by the micro-pulling down technique. The melt behavior of the samples doped with low cerium concentration is close to the congruently melting point of LGBO and LYBO. But the B 2 O 3 and Li 2 O oxides are important to control the congruent melt behavior and to overcome the change of the composition in LGBO and LYBO equilibrium diagram during pulling the fibers. Ce-doped LYBO and LGBO fibers crystals scintillation properties were carried out, absolute light yield of scintillations under a-and c-excitation was measured; decay curves and main characteristics of photoexcitation, XRL spectrum of the crystals were described. According to our results 1% Ce-doped Li 6 Y(BO 3 ) 3 grown in argon atmosphere was the best fiber crystal. The ALY of 1% Ce-doped LYBO fiber crystal a-scintillations is 5.3 times higher than stilbene scintillator. Under the influence of a particles and c radiation, the existence of differences in the decay time show that the detectors based on LYBO:Ce and LGBO:Ce fiber crystals can be used for separate detection of neutron in n-c-fields.
